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Abstract

RF front-end architectures of today’s wireless applica-
tions need to meet tough requirements on nonlinear distor-
tion to minimize unwanted effects such as crosstalk. An ana-
lysis of the nonlinear behavior of analog communication
circuits or architectures is not straightforward. This paper
presents a modified Volterra series approach to the simu-
lation of nonlinear systems described at the architectural
level. The total computed response is decomposed in its
nonlinear contributions and the main nonlinearities can be
identified. This yields a better insight into the system’s non-
linear behavior and allows simplifications. The simplified
system can then be simulated more efficiently. The imple-
mentation is only based on vector calculation to minimize
the computation time, and has been applied to a complete
5 GHz WLAN receiver front-end.

1. Introduction

The complexity of wireless communication systems is
constantly increasing, resulting in more and more blocks
that usually show nonlinear behavior. However, the use of
high-order constellations (e.g. QAM64) requires the link
to be as linear as possible, with a limited amount of inter-
ference. It is therefore important to understand correctly
the nonlinear behavior of communication architectures, and
to be able to identify the predominant nonlinearities in the
system. Indeed actual systems contain a lot of such non-
linearities, but usually only a small part is important in the
output response. The understanding of the overall nonlinear
behavior can lead to better specifications at the circuit level.

Although there exist efficient methods for system simu-
lation [1], the main goal is usually the efficiency, and they
rarely provide a good insight into the nonlinear behavior of
the system, especially the influence of individual nonline-
arities on the system’s overall performances like IP3. On
the other hand, such a tool exists for the circuit level [2].
This paper presents a tool to analyze the nonlinear behav-

ior of RF front-end architectures containing standard blocks
like amplifiers, mixers and filters. On one hand the formu-
lation of the system into an equivalent circuit allows to take
into account nonlinear behaviors that are difficult to intro-
duce in other methods, like nonlinear loading effect or non-
linear feedback loops. On the other hand, the Volterra series
analysis method based on single argument kernels, in com-
bination with vector calculations, reduces significantly the
memory consumption as well as the CPU time, and also al-
lows to take into account frequency dependencies in the sys-
tem’s nonlinear blocks. As the method is based on Volterra
series, all blocks must be represented by a power series, a
Volterra series, a linear transfer function, or a combination
of these. However because of the reduced CPU time, this
method is able to compute very high-order responses – up
to eleven, as in the example presented below – the only lim-
itation being the CPU time. This allows in many cases a
very good approximation of strongly nonlinear behaviors,
such as the nonlinear behavior of a Gilbert cell mixer with
respect to the LO signal. The use of other nonlinear cir-
cuit simulation methods like small-signal-large-signal ana-
lysis [3, 4] can also be used to decompose a strongly non-
linear block into a set of blocks that respect the limitations
mentioned above.

The analysis method proposed in this paper decomposes
the output response into a sum of contributions correspon-
ding to the nonlinearity coefficients of the system’s blocks.
This decomposition allows to identify the most important
coefficients, yielding a better understanding into the sys-
tem’s nonlinear behavior and possible simplifications. As
the main target is not to build an efficient system simulator
but more a tool to analyze the nonlinear behavior of com-
munication systems, we can limit ourselves to simple input
signals consisting of a few sinusoids. The simplified model
resulting from our analysis tool usually contains only a few
nonlinearities. This simplified model can then afterwards be
excited by a realistic digital telecom signal. The CPU time
of such simulation is much smaller because of the reduced
complexity of the simplified system.

The second section details the analysis method, while



the third section presents the application of this method to
a complete 5 GHz WLAN receiver front-end architecture.
The system is simulated up to order eleven and the simpli-
fication process results in only three main nonlinearities in
baseband.

2. Description of the analysis method
The analysis method consists of a two-steps process.

First the system is converted into an equivalent circuit
which is then analyzed using a Volterra series based recur-
sive algorithm, resulting in the decomposition of the out-
put response into a sum of nonlinear contributions. Finally,
these contributions are sorted and only the dominant ones
are kept, leading to a simplified architecture with only a few
nonlinearities.

2.1. Setup of equations

In a first step, the architecture under consideration is
splitted into its linear and nonlinear part, so that the re-
sulting system only consists of linear blocks and nonlinear
sources and can be described by a matrix relation. For prac-
tical cases, the system’s matrix is widely sparse. As an ex-
ample, a system containing a

� rd order nonlinear amplifier
followed by an ideal multiplier is represented by���� � ������ �����	�
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where
# � and

# � contain all nonlinear coefficients. The use
of sparse matrix manipulation techniques greatly reduces
the computation time as well as the storage size.
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Figure 1. Simulation algorithm

2.2. Modified Volterra series approach

The simulation method is an adaptation at the system
level of the modified Volterra series approach described
in [5, 6]. The major drawback of most Volterra series
based algorithms such as the one from [7] is the exponen-
tial growth with the order of the storage size of the multi-
dimensional Fourier transforms of the Volterra kernels. Al-
though this storage size can be reduced by the use of sparse
matrices, this task becomes cumbersome when dealing with
high-order kernels. On the other hand, the system simplifi-
cation that is performed in a next step (see below) requires
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Figure 2. Mixer model

to compare real spectra, hence one needs to integrate those
multi-dimensional kernels to reduce them to a single fre-
quency argument [7, 8].

Both issues can be solved simultaneously by using the
approach introduced in [5], where all kernels are integrated
with respect to the frequency arguments. This integration is
possible a priori for an input signal that consists of multiple
sinusoidal signals (multisine signal), and simply reduces to
a sum because of the properties of the Dirac impulse func-
tion. The algorithm remains the same as described in [7],
except that it acts on single-argument functions, as shown
on figure 1. To implement this algorithm, only the expres-
sions of nonlinear current sources for an amplifier and an
ideal multiplier are needed. Indeed, a real mixer described
by $ �&% �('*),+ % � '*) � + % � '�) � + % '���-.+ % ' � - � +% ' � - � + % �/�0)1-.+ % � �2) � -3+ % � �0) � - (2)

can be easily decomposed in a set of amplifiers, filters and
multipliers as shown on figure 2. In this case, it consists of
a nonlinear feedthrough path for the RF and the LO signal,
and a central part including an amplifier and a multiplier,
which corresponds to the core part of the mixer and takes
into account its nonlinear behavior with respect to the RF
signal. It is also possible to introduce LO-RF leakage as
suggested on figure 2.

In the next paragraphs, we discuss how the response of
an amplifier and a multiplier – modeled at high-level – is
computed. We limit the discussion to static nonlinear be-
havior, although the method is applicable as well to dy-
namic nonlinear behavior.

2.2.1. Amplifier

For a static nonlinear amplifier with an input/output relation46587:9 �<;=>@? � 
 >BA 587:9 > (3)

the nonlinear current source of order n is given by the rela-
tion (4)(see next page)[5] withCEDGF 5IHJ9 � KML FON=P F ?RQ K L FON CEDGF2S P F�T 5IH 	 HVUXWZYP F 9 (6)
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where
ChDGF 5IHJ9 is the Fourier transform of A 5�7:9 at order � W ,

Int is the truncation function and � u is the number of times
one of the � W with � � �e� i�i�i � � is equal to

#
. For example,

the expression of the nonlinear current source of order two
and for two input sines at H � and H�� with amplitude � � and� � respectively, is given by[ � 58HJ9 � 
 � � � � �� = T 5IH���H � ��H � 9 (10)

where
T

is the impulse function. The terminal impedances
of the amplifier can be introduced in the form of additional
equations in the matrix formulation of the system like in
equation (1). Furthermore, an amplifier with dynamic non-
linearities can be decomposed into a combination of static
nonlinearities and linear transfer functions.

2.2.2. Ideal multiplier

For an ideal multiplier with an input/output relation46587:9 � x�y ) 587:9 - 5�7:9 (11)

the nonlinear current source expression can be obtained by
using the extension of the Volterra series theory to multiple
input, multiple output (MIMO) systems [9] in conjunction
with an approach similar to the one used for amplifiers. This
results in the expression (5), where HJ�j�� is the �8��� nonzero
frequency component of � at order � , with � being either) or - . Note that a multiplier is essentially a nonlinear ele-
ment and it increases the order of the wanted signal by one.
The ideal multiplier, possibly in combination with termi-
nal impedances, is the basic building block for a high-level
model of a mixer.

2.3. Model simplification
Equation (4) shows that the nonlinear current sources

consist of a sum of contributions, each of these contribu-
tions corresponding to a nonlinearity coefficient of the sys-
tem. By computing these contributions individually, it is

thus possible to decompose the output response. In a post-
processing step, all contributions for each order are then
sorted and compared, and only the most significant ones
– up to a specified accuracy – are kept [2]. This compar-
ison is made on the magnitude of the spectral components
in a frequency band of interest. This simplification process
reduces the system complexity since most often very few
nonlinearities play a role. The decomposition of the output
response also yields insight into the system’s nonlinear be-
havior. Furthermore, the simplified architecture, containing
only the most important nonlinearities, can now be simu-
lated more efficiently.

2.4. Implementation
The simulation method described above has been imple-

mented in MATLAB. In a straightforward, recursive imple-
mentation of the above expressions, the computation time is
mainly governed by two tasks: the recursive sum over the
nonzero spectral components in relations (4) and (5), and
the solution of the linear circuit at each frequency.

The first task can be tackled efficiently by trying to use
only vectors computations. For example the internal part of
(4) can be calculated at once by using the Kronecker prod-
uct and sum [10]. If � W is the vector of nonzero frequency
components of

C D F
, and � W is the vector of corresponding

indices, the resulting frequency components and indices are
given by � � � � � � � � a�a*a � � P (12)� � � � ¡ � � ¡ a�a*a ¡ � P (13)

The use of this technique reduces the computation time by
a factor 10 compared to a recursive implementation. The
presence of feedback loops in the system doesn’t affect this
vector computation based method as we are dealing with
individual nonlinear current sources, hence the computation
time is not increased.

The second task can be handled efficiently by taking ad-
vantage of the fact that the circuit is solved for each non-
linear contribution separately. This means that for each con-
tribution, there is only one nonzero element in the right part
of (1). Then it can be shown that for �£¢ �

the matrix¤¦¥ 58HJ9 of the � W for all frequencies is given by¤ ¥ 5IHJ9 �¨§ ©@ª 5IH � 9 # p w 58H � 9 i�i*i ©@ª 58H K 9 # p w 5IH K 9(« (14)



where ©eª is the kth column of the inverse of the admittance
matrix describing the equivalent circuit associated with the
system, and

# p w is the nonlinear current source of order �at position 
 . The relation (14) can also be performed in a
single matrix operation within MATLAB.

Finally, it is interesting to note that the expressions of
the nonlinear current sources are implemented in a generic
way, and not hard-coded, as it is usually the case in Volterra
series based approaches [2]. In this case, it is possible to
go up to an arbitrarily high order, the main limitation of the
method being the CPU time.

3. Example: WLAN receiver front-end
The approach described above is illustrated with an ana-

lysis of a 5 GHz WLAN receiver front-end (figure 3). The
system has been simulated up to order eleven using the
technique described in the previous section. The excita-
tion signal consists of five sinusoids with random phase,
which is sufficient to highlight the system’s nonlinear be-
havior. The result obtained for the total output response is
shown in figure 4. In that figure, the response computed
with the approach described is compared to the result ob-
tained by classical straightforward computation where the
linear blocks are handled in the frequency domain, and the
nonlinear blocks are handled in the time domain. The agree-
ment is nearly perfect showing a relative error in magnitude
lower than 1%, thereby validating the method used.
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Figure 3. 5 GHz WLAN receiver front-end with
a nonlinear LNA and nonlinear mixers

Figure 5 shows the decomposition up to order seven of
the output signal in baseband. From that figure, the main
nonlinear contributions are found to be the 3rd order coef-
ficient 
 � of the LNA, as well as the 3rd order coefficient% � � of the RF and IF mixers. If the designer is only in-
terested in baseband output signal for efficient simulations
– with a realistic communication input signal – the system
can be simplified to only contain those three nonlinearities.
The term linear in figure 5 corresponds to the wanted output
signal, that is linearly proportional to the input amplitude,
although the intermediate mixers in the front-end increase
its order. A comparison of the computation time between
the complete and the simplified system is presented in fig-
ure 6. The system simplification decreases the CPU time
by a factor of about five for the same accuracy. For longer
examples with more nonlinearities, but still with just a few
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Figure 4. Total output response of the WLAN
front-end for a multisine (5 sines) input signal
up to order eleven.

dominant ones, the speedup is usually higher.
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Figure 5. Nonlinear contributions in the base-
band for all computed orders. The thick line
corresponds to the total response. 5 � 9 means
order n.

From the equations (4) and (5), it it easy to see that the
number of operations, hence the computation time, grows
exponentially with the considered order. Indeed at each
step, the number of nonzero spectral components increases.
The total computation time can still be maintained at a rea-
sonable value by using vector calculation within MATLAB
for the computation of the right-hand side of these two
equations. However, it is possible to decrease further the
CPU time by inserting a threshold value as follows. With
increasing order, the magnitude of the newly created com-
ponents decreases to soon become negligibly small. There-
fore, spectral components with a magnitude below the spe-
cified threshold can be set to zero without significant loss of
accuracy. Figure 7 shows the computation time versus order
for two threshold values. It can be seen that a higher thresh-
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Figure 6. Comparison of computation time for
the complete ( ¬ ) and the simplified ( ­ ) sys-
tem

old leads to a significant decrease of computation time.
Figure 7 also shows the comparison of the CPU time

for two operations in the total process. The nonlinear cur-
rent sources computation time increases faster, and becomes
predominant. This is due to the increase of the nonzero fre-
quency components as shown by (4). The data arrange-
ment is related to equation (13). The vector � contains in-
dices larger than the number of samples ®¦¯ , hence the need
to postprocess � and � to have only spectral components
in the range § �B�0° ¯ ^ y²± � u >@³ « . The CPU time associated with
this operation depends on the number of spectral compo-
nents and thus increases in the same way as nonlinear cur-
rent sources computation.

3 4 5 6 7 8 9 10 11
10

−2

10
−1

10
0

10
1

10
2

10
3

Order

T
im

e 
[s

]

Total computation
NL computation   
Data arragement  

Threshold: −300 dBm 

Threshold: −150 dBm 

Figure 7. Analysis of computation time for the
WLAN front-end. ( ¬ ) Total, ( ­ ) nonlinear cur-
rent sources, ( ´ ) data arrangement

4. Conclusions
To analyze the nonlinear behavior of architectures for

digital telecom transceivers front-ends, a modified Volterra

series approach has been adapted at system level. The ap-
proach decomposes the overall nonlinear behavior of an ar-
chitecture into different contributions, each corresponding
to a nonlinearity coefficient of the individual blocks that
are described with a high-level model. The combination
of the system’s formulation into an equivalent circuit with
the use of Volterra series allows to easily take into account
nonlinear feedback loops and nonlinear loading effect. As
illustrated with a 5 GHz WLAN receiver front-end, such
analysis can be used to obtain insight in the nonlinear be-
havior of a system, for example to know the main contribu-
tors to the overall IP3, or to know which block has to be
made more linear to increase this IP3. Furthermore, the
knowledge of the main nonlinearities can be used to per-
form efficient high-level simulations by keeping the domi-
nant nonlinear coefficients only. The use of vector calcu-
lations reduces significantly the CPU time and allows the
computation of very high order responses. In this way, ar-
chitectural designers quickly get an insight in the nonlinear
behavior of RF front-ends.
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